Pd-Au codeposits with different ratio of both metals were electrodeposited on carbon felt, characterized by scanning electron microscopy, and investigated as electrocatalysts towards hydrogen evolution reaction in neutral phosphate buffer solution. The quantities of the produced hydrogen gas with different electrocatalysts, estimated from data obtained by chronoamperometry, were confirmed by mass spectrometry analysis. The highest hydrogen evolution rate was achieved with the electrocatalysts, produced from electrolyte with equal Pd and Au content.
Introduction
Hydrogen evolution reaction (HER) takes place at the cathode in many industrial electrolysis processes with aqueous electrolytes. The choice of cathode material strongly affects the kinetics of HER as the exchange current density on different metals varies several orders of magnitude [1] . This is especially important for some innovative technologies such as microbial electrolysis cells (MECs) [2] and solar water splitting cells [3] , where hydrogen production is the main target. Although the cathode process in MEC is the same as that of a water electrolyzer [4] , the operational conditions in both systems are completely different [5] . Due to the lower overpotential, most of the cathode materials applied in water electrolyzers and other industrial electrochemical devices have been tested in strongly alkaline or acidic electrolytes. Only a few studies have been performed in neutral solutions, required for bioelectrochemical systems (BES) like MEC. As the MECs use the same bioanodes as those in microbial fuel cells (MFCs), the crucial point for their practical application is to find effective cathodic catalysts at neutral electrolytes [6] .
Platinum is well known as the best electrocatalyst for HER and has been widely employed as the cathodic catalyst in MECs [7, 8] . The use of platinum, however, is not to be preferred because of its high cost and easy poisoning by chemicals, such as sulfide, which is a common constituent of wastewater. Numerous other metals and their alloys have been investigated as alternative cathode materials [6] . Kye et al. [9] have demonstrated that Pt-Au electrocatalyst shows higher area-specific activity than platinum nanoparticles alone. Palladium, being the most platinum-like metal with excellent catalytic property and high abundance, is also of key importance. Recently, Huang et al. [10] reported that Pd nanoparticles coated carbon cloth was almost 50 times more effective than Pt as cathode catalyst for HER in MEC.
In this study, Pd-Au composites were electrodeposited on carbon felt and tested as electrocatalysts for HER in neutral phosphate buffer solution (PBS). The results obtained by means of mass spectrometry (MS) analysis and chronoamperometric measurements were compared and the influence of the palladium and gold ratio on the hydrogen evolution rate was discussed. 
Materials and Methods

Production and Characterization of Pd-Au Electrodeposits.
Electrodes were prepared by electrochemical codeposition of Pd and Au on carbon felt (SPC-7011, 30 g/m 2 , Weißgerber GmbH & Co. KG) with geometric area of 1 cm 2 from electrolytes consisting of 2% PdCl 2 in 0.1 M HCl and 2% HAuCl 4 in 0.1 M HCl, mixed in volume ratios 90 : 10, 70 : 30, and 50 : 50 [11] , and will be further denoted in the text as Pd 90 Au 10 ; Pd 70 Au 30 ; and Pd 50 Au 50 , respectively. The electrodeposition was carried out in potentiostatic regime ( deposit = −155 mV versus Ag/AgCl, 10 s) by using PalmSens handheld potentiostat/galvanostat. The morphology of the developed materials was analyzed by scanning electron microscopy (SEM) using JEOL 6300.
The extent of electrochemical accessibility determines the practical utilization of the high surface area electrode materials [12] . The electrochemical accessible surface area (ECSA) of the produced materials was determined by means of cyclic voltammetry (CV), performed in the potential region, where only nonfaradaic currents were observed. The capacitance charging current densities were measured at the middle of the scan range and the double layer capacitance calculated from the slope of the linear part of the charging current density against the scan rate [13] . The ECSA was estimated using the following equation:
where is the determined capacitance and sp is the specific capacitance, which for the carbonaceous material is taken to be 25 F/cm 2 [12] .
Experimental Setup and Procedures.
The electrocatalytic activity of the prepared materials towards HER was investigated by means of linear voltammetry (LV) with scan rate 2 mV/s over the potential range from 0 to −1.2 V (versus Ag/AgCl) in 67 mM PBS (pH 7.0). The electrochemical experiments were carried out in a three-electrode cell ( Figure 1 ). The electrode samples were connected as a working electrode (1) and a platinum-titanium mesh (10 cm 2 ) was used as a counterelectrode (2) . All potentials were measured against Ag/AgCl (3 M KCl) reference electrode (3). The electrochemical studies were performed by using PalmSens handheld potentiostat/galvanostat (4) . LV scan was repeated three times for each sample and the third scan was used for data analysis. The evaluation of the performance was based on the voltage needed to initiate hydrogen production ( ) and the slope ( ℎ ) of the first linear region in the voltammogram. In parallel, chronoamperometric measurements were carried out under the same conditions. The working electrode was polarized from −500 mV to −1200 mV (versus Ag/AgCl) with a voltage step of 100 mV for 10 min at each step and the current was monitored. The electrochemical cell gas outlet was connected to quadruple mass spectrometer (Baltzers-Omnistar) for continuous quantitative analysis of the produced gases (5) . Helium, at flow rate 40 cm/min, was used as a gas-carrier (6) . The mass-spectrometer response was calibrated by 6 injections of pure substance (H 2 ) using a 4way valve equipped with a 100 L loop. The mass fractions corresponding to water ( / : 18, 17, 16), hydrogen ( / : 2), nitrogen ( / : 28, 14), oxygen ( / : 32, 16), carbon monoxide ( / : 28, 12), carbon dioxide ( / : 44, 28, 12), and nitrogen oxides ( / : 30) were monitored during each experiment. The reaction products were measured during each potential pulse and integrated for the whole pulse duration. The quantity of the produced hydrogen was estimated from the areas corresponding to the / = 2 MS response.
Results and Discussion
The catalysts activity depends not only on the elemental content, but also on the method of preparation, morphology, catalyst support, and so forth. Scanning electron microscopy showed that the supporting material (carbon felt) itself has a fiber-like structure, which provides significant active surface. The Pd-Au electrodeposits are irregularly distributed over the carbon fibers forming islands with varying size (Figures 2(a) , 2(b), and 2(c)-top). A bigger magnification of the codeposits revealed that the islands consist of near spherical complex structures sizing up to 2.5 micrometers (Figures 2(a) , 2(b), and 2(c)-bottom). Earlier studies [14] have proved that each globular structure is formed by large number of nanosized particles, whose shape is strongly affected by the percentage of gold in the deposit and changes from needle-like crystallites (as with the codeposits with high Pd content) to cauliflowerlike shape, observed with Au-enriched crystallites. In the same paper [14] , the XRD spectra of Pd-Au codeposits produced in varied proportion of the both metals were compared with those of the pure Au and Pd electrodeposits. The 2Θ values of the deposits indicate the availability of fcc crystalline metal phases corresponding to (111), (200), and (220) facets. The diffraction peaks of the codeposited metal phases were shifted to the lower 2Θ values as compared to that of the pure Pd. The lattice expansion caused by the inclusion of Au atoms into the Pd fcc structure is indicative for the alloys formation.
In order to compare the electrocatalytic activity of the produced electrodeposits, the ECSA values were estimated (Figure 3(a) ) based on the CVs performed with the investigated materials in the potential range (0.2 ÷ 0.7 V versus Ag/AgCl), where nonfaradaic reactions take place (Figure 3(b) ). The increase of the ECSA with that of Pd content coincides with the upper described changes of the electrodeposits' morphology. All further results, concerning electrocatalytic properties towards HER, are normalized against ECSA of each electrode. Linear voltammograms (LVs) obtained with the newly produced Pd-Au modified and nonmodified carbon felt electrodes are compared in Figure 4 . The LVs indicated that by sweeping the potential more negative than −0.5 V (versus Ag/AgCl) the cathodic current for all modified carbon felt electrodes gradually increased. The values of current density deduced from Figure 4 at −1.20 V (versus Ag/AgCl) are given in Table 1 , taking into account the electrochemical accessible surface area of each electrode.
The obtained results for the values of and ℎ , estimated from LVs, are presented in Figure 5 . The value of indicates the relative overpotential, while ℎ reflects current production rate at an applied voltage. Best catalyst performance is achieved at a low and large ℎ value [15] . All Pd-Au modified electrodes, investigated in this study, exhibited better performance than the bare carbon felt in neutral phosphate buffer. The minimum voltage needed to initiate substantial current ( ) was in the range between −0.42 V and −0.54 V versus Ag/AgCl for all modified electrodes ( Figure 5(a) ), which is lower than that reported for Pt/carbon cloth in phosphate buffer [15] . Comparing the hydrogen production rate values ( Figure 5(b) ), the examined materials can be ranked as follows: Pd 90 Au 10 < Pd 70 Au 30 < Pd 50 Au 50. This order was proved by the experiments, in which the current response was monitored at different potentials and in parallel the produced gases were analyzed by a MS detector. A MS diagram obtained in such experiment with Pd-Au/carbon felt electrode is shown in Figure 6(a) . Only the signal reflected to hydrogen was changed during the experiment, which enhanced when the electrode potential was shifted to more negative values. No changes in the signals referring to other analyzed gas components were detected, which excluded their participation in the cathodic reaction.
The quantity of the produced hydrogen was independently calculated in two ways: first, based on the area of the corresponding mass spectrometer signals, / = 2 ( Figure 5(a) ), and second, by integration of areas under chronoamperometric curves obtained at each potential ( Figure 6(b) ) and applying Faraday's law. The results obtained by both independent methods are comparable for all studied electrode materials (Figures 7(a) and 7(b) ), which verifies the reliability of the chronoamperometric measurements. A tendency for increasing the amount of generated hydrogen with the decrease of palladium and enrichment of gold in the electrodeposited catalysts is observed. This effect of the partial substitution of Pd with Au with respect to the electrocatalytic activity towards HER could be assigned to diminishing the well-known high capability of the palladium for hydrogen absorption and hydride formation, which is established not only for the bulk metal, but also for Pd nanoparticles [16] .
Conclusions
Palladium-gold alloys can be easily produced by electrodeposition on carbon felt. The increase of the gold content in the electrolyte bath enhances the electrocatalytic activity of the obtained electrodeposits towards HER in neutral phosphate buffer solution. The highest catalytic activity was achieved with Pd 50 Au 50 electrodeposits. Based on the results obtained in this study we considered that Pd-Au codeposits are promising electrocatalysts for hydrogen generation from neutral electrolytes, which is a prerequisite for their further investigation as cathodes in MECs.
